We demonstrate that accurate values of mass-per-length (MPL), which serve as strong constraints on molecular structure, can be determined for amyloid fibrils by quantification of intensities in dark-field electron microscope images obtained in the tilted-beam mode of a transmission electron microscope. MPL values for fibrils formed by residues 218 -289 of the HET-s fungal prion protein, for 2-fold-and 3-fold-symmetric fibrils formed by the 40-residue ␤-amyloid peptide, and for fibrils formed by the yeast prion protein Sup35NM are in good agreement with previous results from scanning transmission electron microscopy. Results for fibrils formed by the yeast prion protein Rnq1, for which the MPL value has not been previously reported, support an in-register parallel ␤-sheet structure, with one Rnq1 molecule per 0.47-nm ␤-sheet repeat spacing. Since tilted-beam dark-field images can be obtained on many transmission electron microscopes, this work should facilitate MPL determination by a large number of research groups engaged in studies of amyloid fibrils and similar supramolecular assemblies.
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Alzheimer's disease ͉ molecular structure ͉ prions ͉ solid state NMR T he mass-per-length (MPL) of an amyloid fibril is an important constraint on its molecular structure. Given that amyloid fibrils contain ␤-sheets with cross-␤ alignment relative to the long fibril axis (1, 2) and that the spacing between ␤-strands in ␤-sheets is always 0.47 Ϯ 0.01 nm, one expects the MPL to be nearly ϫMW/0.47 kDa/nm, where MW is the amyloid-forming polypeptide's molecular weight and is the number of molecules in each ␤-sheet spacing. MPL measurements were the first indication that fibrils formed by the 40-residue ␤-amyloid peptide (A␤ ) might have both 2-fold-symmetric ( Ϸ 2) and three-fold-symmetric ( Ϸ 3) polymorphs (3) (4) (5) (6) . MPL measurements support a two-fold-symmetric structural model for amylin fibrils with a specific morphology (7) and provide evidence for polymorphism similar to that of A␤ fibrils (8) . MPL measurements (9) provide support for a ␤-helix-like structure (10, 11) for fibrils formed by residues 218-298 of the HET-s prion protein (HET-s 218 -289 ), with each molecule spanning two turns of the ␤-helix ( Ϸ 0.5). MPL measurements on fibrils formed by the prion domains of the yeast prion proteins Ure2p (12) and Sup35 (13) support in-register parallel ␤-sheet structures (14) (15) (16) , with backbone hydrogen bonds in the ␤-sheets being purely intermolecular ( Ϸ 1). Molecular models corresponding to these various values of are given in the relevant papers (4, 7, 10, 16) .
MPL data in these cases comes from quantification of intensities in images obtained with scanning transmission electron microscopy (STEM). STEM images of unstained samples are dark-field images, in the sense that the background has low intensity (arising from weak electron scattering when the rastering electron beam strikes the thin carbon film on which fibrils are adsorbed), while the fibrils have higher intensity (arising from stronger electron scattering when the beam strikes the fibrils themselves). As shown by earlier studies (17) (18) (19) (20) , STEM image intensities are proportional to mass densities (per unit area), so that MPL values can in principle be determined quantitatively in either of two ways: (i) by measurement of incident electron beam flux, knowledge of electron scattering cross-sections and detector geometry, and calibration of detector sensitivity; (ii) by comparison of fibril image intensities with image intensities of reference objects with known mass densities, typically tobacco mosaic virus (TMV) rods codeposited with the fibrils. In practice, the second method has been used in studies of amyloid fibrils. Although dedicated STEM instruments have been used in most MPL studies, MPL determination using the STEM mode of a commercial transmission electron microscope at 300 kV has also been demonstrated (21) . As an alternative to STEM, energy-filtered transmission electron microscopy (EF-TEM) has been used to measure mass densities (22, 23) and amyloid fibril MPL values (24) in the same manner. EF-TEM also produces dark-field images of unstained samples, but by uniform illumination and image formation from inelastically scattered electrons using electron optics, rather than by rastering of a narrow electron beam and collection of primarily elastically scattered electrons as in STEM.
Dark-field images of unstained samples can also be obtained with a conventional transmission electron microscope (TEM) by tilting the incident electron beam by a small angle so that it is blocked by the objective aperture after passing through the sample. The image is then formed from scattered electrons that pass through the aperture, using the same electron optics as in bright-field TEM imaging of stained samples. This is a dark-field mode available on many TEM instruments, which we call tilted-beam TEM (TB-TEM). TB-TEM images of amyloid fibrils are superficially quite similar to STEM and EF-TEM images, suggesting that MPL values might also be obtainable from TB-TEM images. In this paper, we demonstrate that accurate MPL values for amyloid fibrils can indeed be obtained by quantification of intensities in TB-TEM images, so that MPL measurements can be carried out with widely available instrumentation and relative ease. Fig. 1 shows examples of bright-field TEM and dark-field TB-TEM images of amyloid fibrils formed by HET-s 218 -289 ( Fig.  1 A) , A␤ (Fig. 1 B and C) , and Sup35NM (Fig. 1D) . A␤ fibrils have predominantly two-fold-symmetric (2f-A␤ , Fig.  1B ) or three-fold-symmetric (3f-A␤ , Fig. 1C ) structures, depending on growth conditions as previously described (3, 4, 25) . Sup35NM (residues 1-253 of Sup35p) includes the Nterminal prion (N) and middle (M) domains (26) and is often used in studies of the [PSIϩ] prion (27) . Bright-field images in Fig. 1 are negatively stained with uranyl acetate. Dark-field images are unstained and also contain TMV rods. All images were obtained at 80 kV electron beam energy.
Results
MPL values were extracted from TB-TEM images as previously described for STEM (8, 28) : (i) image intensities were integrated over rectangular areas centered on fibril segments (I F ) and over equal areas of background on either side of each fibril segment (I B1 and I B2 ); (ii) similarly, image intensities were integrated over rectangular areas centered on TMV segments (I TMV ) and over equal areas of background on either side of each used to calculate a given MPL value were taken from the same image, as intensities from different images were not necessarily directly comparable due to variations in incident beam intensity and other factors. The histogram in Fig. 2B shows a minor peak at 28.0 kDa/nm, attributable to a minor population of 3f-A␤ 1-40 fibrils in the 2f-A␤ 1-40 sample. The histogram in Fig. 2C shows minor peaks at 20.1 kDa/nm and 34.9 kDa/nm, attributable to minor populations of single and paired 2f-A␤ 1-40 fibrils in the 3f-A␤ sample. Both histograms show minor peaks near 9 kDa/nm, arising from rare occurrences of fibrils with ϭ 1 (see Fig. S1 ). Such fibrils were not observed in previous STEM studies (3) (4) (5) (6) 28) and may represent ''immature'' structures, especially since A␤ 1-40 fibril samples for our TB-TEM measurements were incubated for 24 h or less after seeding.
Our assignment of minor peaks in Fig. 2 B and C to specific minority structures is supported by the observation of multiple, nearly equal MPL counts along the lengths of individual fibrils (such as fibrils in Fig. S1 A and C), as well as by the inability to fit the MPL histogram to single Gaussian function, as in Fig. 2 
B and C.
For Sup35NM fibrils, the histogram in Fig. 2D shows a single peak at 60.8 kDa/nm, consistent with the value 62.6 kDa/nm predicted for MW ϭ 29.4 kDa if ϭ 1, as in the in-register parallel ␤-sheet structure indicated by solid state NMR measurements (14, 16) . Although we are not aware of STEM measurements on Sup35NM fibrils, STEM measurements for fibrils formed by residues 1-65 of Sup35p fused to green fluorescent protein (GFP-Sup35p 1-65 ) indicate MPL values ranging from 72.5 kDa/nm to 95.4 kDa/nm, depending on the exact fibril morphology (13) , in approximate agreement with the value 79.2 kDa/nm predicted for MW ϭ 37.2 kDa and ϭ 1. Thus, the TB-TEM results in Fig. 2D suggest that Sup35NM fibrils and certain classes of GFP-Sup35p 1-65 fibrils have a common structural organization. Interestingly, fibrils formed in vitro by both Sup35NM (30) and GFP-Sup35p (31) have been shown to be capable of inducing the [PSIϩ] prion phenotype in yeast.
As an initial application to a system for which no MPL data are available from STEM or other techniques, we performed the measurements shown in Fig. 3 on fibrils formed by the prion domain of Rnq1, the protein that determines the [PINϩ] prion of yeast. As shown by Liebman and coworkers, the Rnq1 prion domain is contained in residues 153-405 (32). Our sample contained a mixture of residues 153-405 and residues 216-405 (see Materials and Methods). The MPL histogram in Fig. 4B shows a peak centered at 46.2 kDa/nm, in good agreement with the value 46.6 kDa/nm predicted for a cross-␤ structure formed by residues 216-405 (MW ϭ 21.9 kDa) with ϭ 1. A small number of counts were also observed near MPL approximately 59.8 kDa/nm, the value predicted for residues 153-405 (MW ϭ 28.1 kDa) with ϭ 1. These results are consistent with the earlier demonstration by solid state NMR that Rnq1 prion domain fibrils have an in-register parallel ␤-sheet structure (33) . an MPL range from 10 kDa/nm (or possibly less) to 60 kDa/nm (or probably more). These experimental results allay concerns that MPL determination might be precluded by damage to the fibrils induced by the electron beam, non-uniform illumination of the image field by the electron beam, nonlinearities in the electron detector or camera system, imperfections in the electron optics, multiple scattering, or other considerations. Aspects of our experimental protocol that we believe to be essential for accurate MPL determination are described below (see Materials and Methods). The precision of the MPL values, estimated from the uncertainty in the major Gaussian peak positions in Fig. 2 , is not as high as in some STEM studies of amyloid fibrils (5, 9, 13, 28) but is in all cases sufficient to determine , the important structural parameter, to within Ϯ 0.3 (e.g., ϭ 1.9 Ϯ 0.3 for 2f-A␤40 fibrils). In the specific context of amyloid fibrils, the demonstrated precision is sufficient to distinguish among plausible candidate structural models. For HET-s 218 -289 , the precision is apparently limited by the signal-to-noise of the TB-TEM images, that is, the low fibril image intensity relative to fluctuations in background intensity. Fluctuations in background intensity in measurements on HET-s 218 -289 fibrils, measured as 131ϫ I B1 Ϫ I B2 /͗I TMV ͘, have a Gaussian distribution with FWHM ϭ 5.6 kDa/nm (Fig. S2 A) . These f luctuations should produce a FWHM of ͌ (3/2) ϫ 5.6 kDa/nm in the MPL histogram for HET-s 218 -289 fibrils when background subtraction is carried out as described above, in reasonable agreement with the 4.7 kDa/nm FWHM in Fig. 2 A. Fig. 1 B and C (lower left) show series of MPL values along the lengths of single 2f-A␤40 and 3f-A␤40 fibrils. The random scatter among these values indicates that non-uniform illumination by the electron beam within a single image is not a major cause of variations in the apparent MPL values, as non-uniform illumination would be expected to produce monotonic variations. Fig. 1 B and C (upper right) show MPL values for TMV rods within a single image, derived by setting the average of these values to 131 kDa/nm. Again, the random scatter argues against non-uniform illumination as a source of imprecision. A histogram of TMV MPL values (Fig. S3) indicates that structural variations in TMV rods (34) contribute less than 10% to imprecision in MPL.
Discussion
The MPL histogram for Sup35NM fibrils (Fig. 2D) shows the broadest peak. Background intensity fluctuations in TB-TEM images of Sup35NM fibrils have FWHM ϭ 10.8 kDa/nm (Fig.  S2B) , greater than in TB-TEM images of HET-s 218 -289 fibrils due the presence of more extraneous material on the sample grids and the use of wider rectangular integration areas. Background intensity fluctuations may then contribute roughly 13 kDa/nm to the observed 18.2 kDa/nm FWHM in Fig. 2D . Additional contributions to MPL variations apparently arise from structural nonuniformity of the fibrils, as shown in Fig. 1D where MPL values along the length of a single fibril have relatively large scatter. Structural nonuniformity may include unresolved breaks in the fibrils and adhesion of nonfibrillar material to the fibrils. We conclude that the most important limitation on the precision of MPL determination is sample quality, at least for MPL values above 10 kDa/nm. Similar issues can affect STEM measurements.
Perhaps surprisingly, damage to the fibrils and TMV by the electron beam plays no discernible role in our TB-TEM measurements. Previous studies indicate that a total electron dose of 10 4 e/nm 2 at 80 keV produces a mass loss of roughly 30% for typical protein assemblies (including TMV) in STEM measurements at room temperature (18, 34) . Similar mass losses have been measured in EF-TEM studies (22, 23) . We estimate the typical electron dose for a single TB-TEM image, acquired in 10 s under our experimental conditions, to be 0.6-2. 2 ) with images at longer exposure times shows no evidence for rapid mass loss.
Theoretical Justification for Quantification of TB-TEM Images. As for STEM and EF-TEM imaging (18, 21, 23) , the integrated intensity within an area A of the TB-TEM image is proportional to the number of collected, scattered electrons N s from that area. After background subtraction, this quantity can be expressed as
where N e is the number of incident electrons on A, n k is the number of atoms of type k within A, k is the scattering cross-section, and f k is the fraction of scattered electrons that are collected and focused to form the image. This expression assumes that no multiple scattering events occur, that unscattered electrons are entirely blocked by the objective aperture, that the microscope's camera system is linear, and that diffraction effects (i.e., interference among scattering amplitudes from different atoms in the sample) are negligible. The mass per area of the sample is
where M k is the atomic mass. Consequently, N S ϭ N e Q, with 
being the effective scattering area per mass within A. The value of Q depends on the elemental composition and elemental densities as well as the microscope geometry. Q is expected to be approximately the same for all proteinaceous materials (18, 23) . Therefore, TB-TEM image intensities can be used to determine /A, and hence MPL. Both elastic and inelastic scattering contribute to k . Given a 1.5-mm distance from the sample grid to the objective aperture, a 1.2°(21 mrad) beam tilt, and a 50-m objective aperture diameter, electrons with scattering angles in the 4.3-37.6 mrad range contribute to the TB-TEM image. Although the total inelastic scattering cross-section is greater than the total elastic scattering cross-section, the majority of inelastically scattered electrons have scattering angles less than 4 mrad under our experimental conditions, while the majority of elastically scattered electrons have scattering angles greater than 8 mrad (35). Our TB-TEM images are therefore formed primarily from elastically scattered electrons, with a minor contribution from inelastic scattering. Since previous work has shown that MPL values can be determined from either elastic scattering, as in STEM studies, or inelastic scattering, as in EF-TEM studies, images that result from a combination of elastic and inelastic scattering should also permit MPL determination.
Materials and Methods
Sample Preparation. HET-s218-289 was expressed in E. coli with a C-terminal hexa-His tag and purified as described by Dos Reis et al. (36) . Briefly, cells were lysed by sonication and the protein was extracted from the insoluble pellet fraction with 8 M guanidine-HCl, purified on a Talon (Clontech) column, and eluted in 8 M urea. Denaturant was removed using a HiTrap column GE Healthcare) in 175 mM acetic acid (37) . The eluate containing 1.4 mM protein was neutralized with Tris base and incubated at 4°C without agitation for 7 days to allow fibril formation.
A␤ was synthesized and purified as previously described (3, 4) . Approximately 1 mg of lyophilized peptide was dissolved initially in dimethyl sulfoxide at 8 mM concentration, then diluted to 230 M in 10 mM phosphate buffer, pH 7.4. For seeded fibril growth, preexisting 2f-A␤ 1-40 or 3f-A␤1-40 fibrils were added in a 1:20 molar ratio of fibrillar peptide to fresh peptide, the solution was sonicated to break the preexisting fibrils into short fragments (Branson model 250 sonifier, lowest power, 10% duty cycle, 30 s), and fibrils were allowed to grow at 24°C without mixing or agitation of the solution. Sup35NM was expressed with a C-terminal hexa-His tag and purified under denaturing conditions as previously described (14) . Sup35NM was then dialyzed into non-denaturing buffer (5 mM phosphate, pH 7.4, and 150 mM NaCl) and incubated for 7 days at 4°C to permit fibril formation. Fibrils were collected by centrifugation and resuspended in deionized water.
The prion domain of Rnq1p was expressed with a C-terminal hexa-His tag and partially purified under denaturing conditions by binding to a Ni-NTA column and eluting with imidazole (33) . Electrospray-ionization mass spectrometry showed our sample to contain proteins with MW ϭ 28.102 kDa (corresponding to residues 153-405 of Rnq1 with the hexa-His tag) and MW ϭ 21.931 kDa (corresponding to residues 216 -405 of Rnq1p with the hexa-His tag). Proteins were precipitated with cold methanol, dried, and dissolved in 4 M urea, 5 mM potassium phosphate, pH 7.4, and 150 mM NaCl. Fibrils then formed at room temperature with gentle agitation (38) .
For TB-TEM, fibrils were adsorbed to carbon films on lacey carbon supports on 300 mesh copper grids. Films were 4 -10 nm thick, estimated from the volume of evaporated carbon and geometry of our carbon deposition chamber. Grids were glow-discharged immediately before use. A 5-L aliquot of fibril solution and a 1-L aliquot of TMV solution were applied simultaneously to the grid. Fibril solutions were diluted as required to produce suitable coverages in TB-TEM images. TMV concentration was 0.08 -0.23 mg/mL. After a 5-min adsorption period, solutions were blotted, washed three times with deionized water (5 L aliquot, 10 s each), blotted, and dried in air. Grids of 2f-A␤ 1-40 and 3f-A␤1-40 fibrils were prepared 8 h and 24 h after seeding, respectively, to minimize lateral association of fibrils.
For TEM images of negatively stained samples, grids were prepared by the same procedure, but without adsorption of TMV and with a 60-s period of staining with 5 L of 3% uranyl acetate before final blotting and drying.
Image Acquisition and Processing. Images were acquired with an FEI Morgagni TEM, operating at 80 kV, equipped with a side-mounted, 1 megapixel AMT Advantage HR CCD camera. Bright-field images were acquired at 140,000ϫ magnification. TB-TEM images were acquired at 56,000ϫ magnification, using a beam tilt angle of 1.2°, a 50-m diameter objective aperture, and a 300-m condenser aperture. Smaller tilt angles did not produce adequate blocking of the unscattered electron beam. Other microscope settings included spot 5, bias 3, and filament current in the 10 -20 A range. Before recording TB-TEM images, condenser stigmators were carefully adjusted to give a circular beam profile when the beam was viewed on the carbon film in TB-TEM mode (at lower magnification), and the beam was carefully centered and spread to produce uniform illumination over the field of view, as indicated by uniform background intensity from the carbon film in the final images. The sample grid was scanned manually for promising areas at lower magnifications and lower beam intensities (Ϸ100 e/nm 2 -s), using the survey mode of the AMT software with a camera gain value of 8. Once an area that apparently contained both TMV rods and amyloid fibrils was identified, the magnification and beam intensity were increased (to Ϸ600 -2,500 e/nm 2 -s), the focus was quickly adjusted to maximize the clarity of the TMV rods, and final TB-TEM images were recorded. Each image was the average of 8 acquisitions, each with a 1.2-s exposure time and a camera gain value of 1. Images were stored either as 8-bit tiff files, after automatic linear rescaling of image intensities by the camera software to fill the 8-bit range (threshold ϭ 10 and tail ϭ 5 in the AMT software), or as raw 16-bit tiff files without rescaling (threshold ϭ 0 and tail ϭ 0). Equivalent MPL results were obtained in the two cases. Electron doses were estimated from our own calibration of the camera gray scale in images of an empty sample grid with no beam tilt against direct measurements of current from the TEM viewing screen. For our system, 1 gray scale unit in a 16-bit image corresponds to roughly 0.040 electrons per pixel.
For Rnq1 prion domain fibrils, we had difficulty finding grid areas that contained both fibrils and TMV rods within the same field at 56,000ϫ magnification. Therefore, images of many non-overlapping fields within a promising grid area were recorded under identical beam conditions and saved as 16-bit tiff files without rescaling. We found that TMV intensities in these images were identical to within the usual uncertainty (e.g., as in Fig. S2) , and that the average TMV intensity across these images could be used to derive MPL values for fibrils within the same set of images, even though most images contained only fibrils or only TMV rods.
TB-TEM images were analyzed with ImageJ software (available at http:// rsbweb.nih.gov/ij/). Only fibrils that appeared to be single filaments, rather than pairs or higher-order bundles, were selected for MPL measurements. Thus, as with STEM measurements, the relative areas of peaks in MPL histograms do not necessarily reflect the true populations of fibrils with different MPL values in the sample.
The 80-nm length of rectangular areas was chosen to allow several hundred MPL counts for each sample in Fig. 2 and for consistency among samples. In principle, longer rectangles might produce more precise final MPL values, subject to restrictions imposed by fibril curvature and overlap of fibrils in the TB-TEM images. The same considerations apply in STEM measurements.
